Direct atomic-scale evidence is presented for the shear-dilatation correlation in metallic glasses via molecular dynamics and first-principles calculations. A quantitative parabolic relationship is established between the atomic local shear and hydrostatic volumetric strains by carrying out statistical analysis on a deformed glass model. The correction is further verified by density functional theory. Our atomistic demonstration of shear-dilatation correlation collaborates with the experimentally observed a few percent volume change in shear bands. It brings quantitative insights into the unique correlation between shear transformation and cavitation in metallic glasses.
Metallic glasses (MGs) are a category of promising high strength structural materials with many other superior physical and chemical properties [1] . The deformation mechanisms of such amorphous solid state are in sharp contrast with their crystalline counterparts since there are no long-range atoms packing pattern in MGs [2, 3] . No conventional mechanisms, such as ordinary dislocation plasticity or deformation twinning in crystals, exist in MGs which can carry plastic deformation. Therefore MGs usually suffer from the notorious catastrophic failure with a strong strain localization (shear banding) phenomenon [4, 5] .
Several models have been proposed to rationalize the inelastic deformation of MGs, which include free volume [6] , shear transformation zone (STZ) [7] [8] [9] , cooperative shear model (CSM) [10, 11] , flow unit [12] , vibrational soft spot [13] , shear-diffusive transformation [14, 15] , and our recently proposed tensile transformation zone (TTZ) [16] [17] [18] . All of these models are based on the local structural rearrangement of atoms via the interplay of atomic-scale shear and dilation/contraction in MGs [19] [20] [21] [22] [23] [24] . Among them, Argon's STZ model involves local rearrangement of a cluster of atoms undergoing a stress-driven, and thermally activated shear distortion [25, 23, 24] . Whereas Spaepen's free volume model is based on a dynamic equilibrium between the stress-assisted creation and annihilation of free volume [6] . The free volume behaviors can be regarded as dilation and contraction of local atomic environments. Since both models have been successfully adopted to describe the homogeneous and inhomogeneous flows in MGs, there should be some intrinsic correlation between shear and dilatation/compaction during deformation of glasses [21, 26] .
Generally, shear-dilatation correlation is an intrinsic nature of deformation in amorphous alloys although local compaction is also allowed [27, 28] . For example, intuitively derived law between shear strain and local dilatation has been used in constitutive modelings of MGs [29] . Shear is not necessarily the only deformation mode accommodating the local atomic rearrangement. The microscopic scenario is that the STZ operations redistribute stress spatially which usually leads to the creation of free volume via atomic-scale dilatation [21, 1] . So that local structural dilatation [19, 30, 31] , density change [27, 28] , and even nanovoids [32, 33, 21, 34] have been observed within the shear bands of MGs. Although the concept of shear-dilatation correlation is widely accepted in the glass community, and various experiments and simulations have indicated STZ and cavitation as important deformation and fracture mechanisms of glassy alloys [33, 35, 31, 18, 17, 34] , there still lacks a direct microscopic evidence and no quantitative relationship established for such an intimate correlation. Whereas a direct observation and derivation of such a quantitative correlation [19] down to atomic-scale is usually an extreme challenging task in experiments [36] .
To this end, we conduct combined molecular dynamics (MD) and density functional theory (DFT) calculations to confirm the sheardilatation correlation in MGs. By statistical analysis on the atomicscale strains, we establish a parabolic relationship between the atomic shear and volumetric strains in MGs both spatially and temporally.
The atomic information provides quantitative insights into the intrinsic deformation and fracture characteristics of MGs.
To establish the shear-dilatation correlation, we conduct statistical analysis on a deformed Cu 50 Zr 50 model glass described by a Finnis-Sinclair type potential [37] . The model contains 100,000 atoms which allows a reliable statistical analysis on the atomic strains. It is prepared by a heating-quenching technique from liquid to glass state with a cooling rate of 10 10 K/s. The MD is performed by LAMMPS code [38] .
Pure shear deformation is applied to induce the atomic strains. The strain rate is γ ¼ 10 6 s 2 , and temperature is 50 K. Such simulation conditions allow sufficient structural relaxation which eventually yields shear banding. The DFT calculations are carried out by VASP code [39] with a model containing 256 atoms. The generalized gradient approximation (GGA) of projector augmented wave (PAW) is adopted for parametrization of the exchange-correlation functional [40] . Athermal quasi-static shear is utilized to distort the atoms. During shear, all the components of stress tensor are relaxed to a negligible values except the shear direction [41] . The atoms are fully relaxed until the Hellmann-Feynman force is smaller than 0.01 eV/Å. The visualization is done by OVITO software [42] .
To characterize the local distortion at atomic-scale, we use three definitions of atomic strains. First, the atomic local shear strain (local von Mises strain) is defined as [43] 
where η xx , …, are the components of local Lagrangian strain matrix. Then, the atomic hydrostatic volumetric strain is consequently written as [43] δ
which is used to denote atomic-scale dilatation. V denotes the volume of the simulation box, and ΔV is the variation. Finally, the local minimum non-affine squared displacement
defined by Falk and Lager [8] is also a good measure of inelastic deformation. Here the atom i is surround by j ∈ N atoms. r ! is the position of atoms. J i is the local deformation gradient. t and Δt denote time and time interval. Fig. 1 shows the analysis of spatial strain distribution on a deformed MD model at macroscopic shear strain of γ = 0.12. The stress-strain curve shown in Fig. 1(a) indicates the appearance of shear localization at such strain magnitude. Fig. 1(b) . Because we apply pure shear deformation, the atomic volumetric strain distributes almost symmetrically around δ = 0. If all the atoms are colored according to their atomic strains, as shown in Fig. 1(c) , we can observe good spatial correspondence among them. It indicates that there is indeed strong correlation between shear, non-affine displacement, and dilatation at atomic-scale. It is also interesting to notice both atomic dilatation and contraction if one carefully check the volumetric coloring scheme, which agrees with latest experimental observations [27, 28] . In Fig. 1(d) we bin and reduce the atomic strain along the y direction. It is noticed that the mostly strained atoms locate at around y~10 Å, which is actually the location of shear banding. Again, the good correspondence illustrates the spatial shear-dilatation correlation in this model glass. Note that in Fig. 1(b) , we plot the distribution of local dilation for all the atoms which seems to be symmetric about 0.0 but with slight deviation to the positive strain. It indicates that compaction also occurs at some regions. However, if we coarse-grain the volumetric strain spatially with 10 atoms in one unit, as shown in Fig. 1(d) , the global effect is dilatation.
To further establish a quantitative relationship between shear and dilatation, we provide a statistical analysis on the atomic strains with all the 100,000 data points. The results are summarized in Fig. 2 , in which Fig. 2(a) demonstrates the key results. For a first approximation, all the raw MD data (gray crosses) indicate some positive correlation between local atomic shear strain and volumetric strain. We then make a statistical analysis on these data with a bin window of 0.01 in η Mises and δ. The statistical average shear-volumetric data are shown as blue squares in Fig. 2(a) . The error bars denote standard deviations. It is quite interesting to notice a simple parabolic relationship between η Mises and δ, i.e.,
with a 1 = 0.078 ± 0.007, and a 2 = 0.384 ± 0.011. Such a parabolic relationship concisely quantifies the shear-dilatation correlation in MGs down to atomic-scale. The positive correlation is qualitatively consistent with Argon's assumption of linear relationship between shear and dilatation in shear bands [19] . Note that the exact number of the coefficients in Eq. (4), or the level of correlation, could be materials dependent since the shear-to-bulk modulus ratio (G/B), or Poisson ratio, varies with compositions [44] . The quantitative information is meaningful to understand the brittle-ductile behavior of a glass since it is closely related to the Poisson criterion [44] . For the present 'ductile' CuZr glass with smaller G/B ratio, the correlation is relatively weaker which indicates that shear could be the dominating deformation mode [35] . While it is most likely to find brittle behaviors in stronger shear-dilatation correlation glass (with bigger G/B ratio) since the great propensity to nucleate cavitation (or TTZ) via shear-induced dilatation, which has been proposed as a brittle fracture mechanism in MGs [33, 35, 31, 18, 17, 34] . For comparison, we also plot the η as demonstrated by Fig. 2(c) .
The spatial shear-dilatation correlation also holds from a temporal point of view. Fig. 3(a) shows the atomic strains as a function of macroscopic strain during the shear deformation. Here the statistics are only performed on those atoms experiencing atomic shear strain larger than 0.2 ( Fig. 2(a) ), which are actually those atoms in the STZs or the shear band, as shown in the highlighted regions of Fig. 1(c) . We notice the evolution of η Mises and δ follows the same trend. Abrupt increases in atomic strains appear at γ = 0.11 − 0.12 where shear band forms. A close look indicates the mean atomic volumetric strain reaches 4%-7% during the initial shear band formation. The calculated dilatation is consistent with experiments where a few percent volume change is associated with shear band initiation [30, 45, 28] . Note that the shear-induced dilatation could be probably enhanced in brittle glasses, where the dilation can be as much as 10% which may eventually lead to fracture via cavitation (or TTZ) mechanisms [35, 31] . For a detailed examination, the average atomic volumetric strain is plotted against average atomic local shear strain in Fig. 3(b) . Similar to Eq. , can describe the shear-dilatation during deformation fairly well. So that we confirm the shear-dilatation correlation during deformation as well as the static spatial correlation summarized in Figs. 1-2 .
Finally, we conduct DFT shear calculations on the same Cu 50 Zr 50 system to support the MD findings. The results are displayed in Fig. 4 . The DFT shear stress-strain curve is shown in Fig. 4(a) . Notice that the model is too small to allow any shear banding during deformation. Instead, the yielding is governed by the uniform stretching of metallic bonds. Therefore the critical stress and strain could be regarded as 'ideal strength' and 'ideal strain' of the present CuZr glass. Such an athermal shear strength is as high as τ ideal = 2.8 GPa, and the material can be sheared as far as γ ideal = 0.15 if there is no emergence of shear band. Note that the 'ideal strength' here should be smaller than the true value since computational models stay at higher position of the potential energy landscape which presents small energy barriers. For example, the DFT estimated shear modulus G = 27 GPa is smaller than the experimental value 31 GPa [46] . To examine the shear-dilatation correlation, we choose the model just after failure (at γ = 0.16) to analyze the atomic strains because large atomic distortion happens at this moment. Similar to Fig. 1(c) , we also visualize the DFT structures at γ = 0.16 by color coding their atomic strains defined by Eqs. (1)-(3) . It is noticed that all the severely distorted atoms are located in the same region, which is denoted by the ellipses. This local bond breaking region may be thought as a STZ. There are nice correspondences between these atomic strains in describing the STZ. The correspondence actually indicates a shear-dilatation correlation in the STZ region. For a detailed demonstration, we also bin and reduce the atomic strains along the y direction as shown in Fig. 4(c) . It is shown that all the peaks appear at similar position of 10 Å in the y axis. Moreover, the peak strain data (η Mises = 0.135, δ = 0.023) almost lie at the theoretical prediction of Eq. (4) (δ = 0.018 at η Mises = 0.135). This is in turn a solid support for the quantitative shear-dilatation correlation established by MD.
To summarize, we confirm and establish a quantitative relationship between atomic-scale shear and dilatation in amorphous alloys by carrying out statistics on a deformed MD sample. A simple parabolic relationship is revealed from both spatial and temporal point of views. The MD findings are further clarified by DFT athermal quasi-static shear calculations. The atomistically deduced atomic dilatation accompanying shear band initiation reaches a few percent, which agrees with experimental observations [30, 45, 28] . The atomic-scale information for the shear-dilatation correlation presented here bridges the STZ and free volume model for deformation of MGs. It is also meaningful to understand the unique shear banding and fracture via cavitation mechanisms of amorphous solids.
